Mantle helium is a significant component of the helium gas from deep oil wells along the 
3
The Newport-Inglewood fault zone (NIFZ) is one of the oldest and most westward faults that is part of the San Andreas fault system (SAFS) in California (Figure 1 ). The SAFS is a 1300 km strike-slip fault system, considered to be the most seismically active fault in the U.S. that developed in the early Miocene from a subduction zone, which was believed to be near or at the NIFZ [Wallace, 1990] . The San Andreas fault forms a single trace in Northern California, but in southern California multiple strands are considered part of the SAFS, including the NIFZ ( Figure   1 ). (Fig 2) . Numbers are the range of R/Ra values from studies of Lupton [1983] , Kennedy et al. [1997] , and Kulongoski et al. [2013] .
Figure 1. Fault map of southern California showing location of previous He isotopic studies and location of current study in the LA basin
evaluate the role of mantle versus metamorphic fluids to fault weakening and seismicity [Kennedy et al., 1997; Gülec et al., 2002; Umeda and Ninomiya, 2009; Umeda et al., 2013] .
Evidence that the NIFZ has been a major pathway for fluid movement in the upper crust is the abundance and large vertical distribution of hydrocarbons along the NIFZ, largely generated and trapped within the last five to ten million years [Wright, 1991; Hunt, 1995; Jung et al., 2015] .
As shown in this paper, He isotopes suggest that the lower crust is also a pathway from the mantle along the same fault.
The NIFZ has been a major structural feature of the LA basin since at least early Miocene time [Wright, 1991] . The fault zone extends southeast for approximately 65 km from the Santa Monica Mountains to Newport Beach, where it continues offshore [Figure. 1; Harding, 1973] .
At the surface, the fault is series of left-stepping fault segments, characterized by oblique right slip and associated anticlinal hills. The NIFZ has a relatively small slip rate (0.5cm/year) compared to faults directly eastward (Elsinore fault = 0.5 to 1.0 cm/year; San Jacinto fault = 1.0 to 2.0 cm/year; San Andreas fault = 2.0 to 3.0 cm/year). [see fault locations in Figure 1 ; Wallace, 1990] . In spite of the low slip rate, five earthquakes of magnitude 4.9 or greater have occurred on the fault since 1920, the largest being the M L = 6.4 Long Beach earthquake of 1933 [Hauksson, 1987] . Most earthquakes occur from 6 to 11 km depth, within the 28 to 30 km thick crust. Currently, the regional principal stress in the basin is north-south [Heidbach et al., 2008] indicating the NIFZ is undergoing transpressional deformation.
The NIFZ zone separates blueschist basement on the southwest from meta-igneous basement rocks to the northeast and largely based on this, it has been proposed as a compressed Mesozoic subduction zone between Pacific and North American plates [Hill, 1971; Wright, 1991] . Little is known about the pre-SAFS history (pre-Miocene) of the LA basin, but it is clear 6 that the NIFZ was in the vicinity of this subduction zone about 30 m.y.b.p. (e.g. see Wallace, 1990) . Miocene transpression and rotation of blocks has resulted in thinning of the crust [Nicholson et al., 1994] , and deposition of more than 8 km of Miocene and younger sediment in the central part of the LA basin [Wright, 1991] . Mid-Miocene volcanism occurs as a result of crustal thinning along the basin bounding faults, including some areas along the NIFZ. Our helium results suggest the NIFZ has retained a strong connection into the mantle, in spite of complex deformation and an 80 km eastward shift in the Pacific plate boundary to the present SAF [Wright, 1991] .
In this study, we report numerous high 3 He/ 4 He ratios (R/Ra=1.0 to 5.3) along the NIFZ, which is considered the western most part of the SAFS. The NIFZ is more than 80 km from the main trace of the San Andreas fault, more than 140 km from the Big Bend area, and between 90 and 230 km from the high He anomalies reported by Welhan et al. [1979] and Lupton [1983] in the Salton Sea area (Figure 1 ). After a discussion of the isotope data, we develop a 1-D mathematical model for helium mass transport to calculate fluid flow rates in the fault zone using the R/Ra data, explore the coupled effects of fluid flow on heat transport in the LA basin, and calculate fault permeability.
SAMPLES
Helium samples were collected from active producing oil wells in stainless steel 500 cc to 1000 cc vessels (Table 1 ). The gas gauge pressure at the casing gas ports of these wells was 0.034 to 1.38 MPa (5-200 psi) greater than STP. The gases are mostly methane with some ≥C 2 gases and minor CO 2 that has degassed from the hydrocarbons and formation water at the perforation interval. At the NOAA laboratory in Newport, Oregon, the gas samples were sub-sampled into glass ampoules, and then subsequently analyzed for helium isotopes, and He and Ne concentrations on a 21-cm dual-collector mass spectrometer specially designed for helium isotope measurements. Splits of the samples archived in glass ampoules were analyzed for δ 13 C and CO 2 concentration by Marvin Lilley at ETH in Zurich, Switzerland. We have also sampled the produced fluids associated with a number of these gases and these will be described in a later paper. The producing intervals are the deepest available production in each area (generally greater than 2 km) and are mainly from mid-to upper-Miocene sandstone, siltstone, and shale.
These deep production zones have not been subjected to the fluid injection common to the shallow producers in the basin. Most helium isotopic studies sample surface fluids from springs or groundwater wells [e.g. Oxburgh et al., 1986 , Gülec et al., 2002 Du et al., 2006; Kennedy and van Soest, 2007; Umeda and Ninomiya, 2009; Kulongoski et al., 2013] . The advantage of deep well sampling is surface air contamination is generally not a problem, as the flux is principally vertical as opposed to potential lateral flow from groundwater movement, and there is a subsurface geologic context for the fluids. The disadvantage is limited numbers of costly (greater than $1M USD) deep wells for sampling, gaining access to regulated industrial sites, and shipping pressurized flammable gas for analysis. He and Ra = Rair = 1.4 × 10 -6 ** Helium isotope ratio corrected for atmospheric helium addition using the formula:
Rc/Ra =((R/Ra) X -1)/( X-1) where X = (He/Ne)/(He/Ne)air or X = (He/36Ar)/(He/36Ar)air *** Values with star symbol ★ determined on helium sample by Marvin Lilley, U of Washington.
(Other values are from produced gas analysis reports) Figure 7 .
RESULTS
The 3 He/ 4 He ratios in Table 2 High Rc/Ra values along the NIFZ compared with other areas in the basin are obvious in Figure 2 , with values exceeding ~3Ra being common ( Table 2 ). The affinity of the NIFZ helium with mantle helium is clear (Figures 2 and 3) . Figure  3A) , and away from the NIFZ ( Figure 3B ). The dashed curve in Fig 3A shows [Lupton, 1983] and the Big Bend segment [Kulongoski et al., 2013] are generally lower than the NIFZ values from our study and average ~1.0 (see Figure 1) . In Fig 3A, the Beverly Hills oil field position (see Figure 2) Although the casing gas is principally methane with some heavier hydrocarbons, the CO 2 content of the sampled gas has a wide range of values (see Table 2 ; 0.5 to more than 9 mole percent CO 2 ). CO 2 is believed to be a carrier gas for mantle helium [Marty and Jambon, 1987] , and the origin of the CO 2 will be discussed in a later section of the paper.
The helium content of the 3 He-enriched samples is no greater than that in the 3 He poor samples, indicating that the strong mantle signature is not correlated with helium abundance (Table 2) . We interpret the variation in helium content of the samples to largely be a result of variation in 4 He production in the crust due to U and Th heterogeneity. The helium content of gas from Well B-14 (Table 1, Table 2 ), which was sampled twice (18 month interval), dropped approximately 40% indicating significant variability in the amount of helium over time.
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4 DATA ANALYSIS
Unexpected Helium Anomaly
The conspicuous mantle He enrichment along the NIFZ is unexpected compared to most other areas of continental crust with a mantle helium anomaly. First, the fault is in a transpressional rather than an extensional stress regime, thus faults would be expected to be overall sealing [Oxburgh et al., 1986; O'Nions and Oxburgh, 1988; Kennedy and van Soest, 2007] . A number of recent studies, however, have shown strike-slip faults or faults within the vicinity of active strike-slip faults may have variable but local high mantle helium anomalies in
California [Kennedy at al., 1997; Kulongoski et al., 2013] , in Tibet [Klemperer et al., 2013] , in
Turkey [Gülec et al., 2002] , and in Japan [Umeda and Ninomiya, 2009] . In the case of Japan, reduced mantle helium leakage has been noted along thrust versus strike-slip components of faults [Umeda et al., 2013] . Presumably discontinuous dilation segments along these faults could provide localized fluid pathways to the lower crust. We find high R/Ra values (R/Ra >1.0 to 5.3) in most of the samples we have collected along the NIFZ, rather than in localized isolated areas along the fault or away from the main fault zone, suggesting the fault is a major conduit to the lower crust.
Second, there is no evidence for recent magmatism in the LA basin. Early-mid Miocene igneous activity from crustal extension is common along the NIFZ [Wright, 1991] , but other faults in the basin, without strong mantle signatures, had similar igneous activity (e.g. Sansinena field samples of Table 1 , along the Whittier fault; see Bjorklund, 2003) . Thus, the mantle signature does not appear to be related to the presence of Miocene igneous rocks or their deformation in the LA basin. In addition, mantle helium is believed to be largely degassed during igneous emplacement and cooling at time scales less than one to ten million years 14 [Kamensky and others, 1990] . For example, in the Sacramento gas field, high R/Ra values are associated with Pleistocene volcanism [Poreda et al., 1986; Jenden et al., 1988] . However, in the LA basin, the high Rc values should not be due to early-mid Miocene igneous activity.
Third, most mantle helium anomalies are associated with locally elevated thermal gradients such as hot springs, geothermal anomalies, with or without recent volcanism [see Polyak and Tolstikhin, 1985; Oxburgh and O'Nions, 1987; Torgersen, 1993; Umeda et al., 2007] . However, exceptions of strong mantle helium anomalies without correlation with surface spring temperature have been observed in some areas including the Sichuan earthquake zone of southwestern China [Du et al., 2006] , along faults of the Itoigawa-Shizuoka tectonic line in Japan [Umeda et al., 2013] , and along the North Anatolian Fault Zone of Turkey [e.g. Gülec et al., 2002] . In the Big Bend area of the San Andreas fault, the highest value reported (R/Ra = 3.5)
is apparently not associated with a hot spring [Kulongoski et al., 2013] . The high R/Ra helium values (without the associated heat) could be explained, in most cases, by the unknown circulation path of shallow groundwater. In the case of our field study, the lack of a strong thermal signature is more difficult to explain, as we are sampling at depths where complex meteoric fluid circulation paths cannot be invoked. The fact is that, worldwide, most strong mantle helium anomalies are associated with surface hot springs.
The LA basin has a relatively average crustal geothermal gradient of about 32°C/km [Price et al., 1999] . The central syncline, with the thickest sedimentary section, is typically about 28°C/km, whereas the Wilmington area, with relatively thin sedimentary crust, has a relatively high gradient of 55°C/km. The thermal gradient along the NIFZ is about 33°C/km, only slightly elevated compared to other areas in the basin [Price et al., 1999] . This is a surprisingly low value considering the strength of the mantle helium signature at numerous localities ( Figure 2 ). Kulongoski et al., 2013) , similar to values we observe along the NIFZ, which is approximately 140 km to the southeast of the Big Bend area. It's is interesting to note that in the vicinity of the Big Bend segment of the SAF, the fault dip at deep crustal levels is vertical Davis, 1988, Fuis et al., 2012] . To the north, however, the fault is west dipping whereas south of the Big Bend segment the fault is east dipping. A vertical dip plane in the Big Bend area, therefore, may allow for a more permeable pathway from the mantle, and explain the high R/Ra values reported there. Most depictions of the NIFZ also show it to be a nearly vertical fault at depth [Wright, 1991; Romanyuk et al., 2007] , perhaps enhancing its ability to transfer mantle components.
Helium isotopic studies of large fault zones including the SAFS, the North Anatolia Fault Zone in Turkey, and the Karakoram fault in Turkey show significant helium anomalies occur only within a distance of 1.0 to 1.5 times the crustal thickness of the area (see Klemperer et al., 2013) , indicating crustal scale movement of fluid around these fault zones. In the case of the NIFZ anomaly, the fault is ~2.5 crustal thicknesses distance from the main SAF, yet it shows a large helium anomaly in multiple samples. The maximum value mantle anomaly (R/Ra = 5.3) is larger than any value measured within the current SAFS, except for the Salton Sea area where the San Andreas fault transitions into the Gulf of California (Figure 1 ). We think that the NIFZ anomaly is a residual of mantle communication from a paleo subduction zone unrelated to the current SAF. If true, a paleo pathway still exists some 30 million years later, in spite of the eastward shift of the plate boundary and long intervening history of deformation.
Cause of Local Helium Isotopic Variability
Spatial variability of He anomalies has been previously noted, for example along the SAF [Kennedy et al., 1997; and Kulongoski et al., 2013] . Helium variability is attributed to "release of radiogenic helium during episodic faulting and fracturing on short time scales" [Torgerson and O'Donnel, 1991] . Variability is also attributed to the differences in basement rock, groundwater flow paths, or residence time of mantle helium during transport through the crust [see p. 96 of Kulongoski et al., 2013] . In the case of the NIFZ, variability of isotopic ratios is in part due to variation in contribution of crustal 4 He. All of the shallow samples have low R/Ra values relative to the deep samples ( values between the early sample (R/Ra = 3.06) and the later sample (R/Ra = 3.62), although the helium content drops by about 40% (Table 1and 2).
Fluids and Gases Associated with the Helium Isotopic Anomaly
Fluids associated with these gases are dilute Na-Cl fluids (TDS = 18,000-28,000 mg/L) that we interpret as seawater modified by water-rock reactions including clay diagenesis. As is typical of many waters associated with Miocene kerogen in southern California, the deep formation waters also have abundant organic acids [e.g. see Fisher and Boles, 1990] . These fluids may also contain unidentified mantle components, including CO 2 (see below). Oxygen isotopic ratios range from  18 O SMOW = -0.2 to +2.0 ‰ and deuterium D from -0.8 to -15.6 ‰.
All water samples plot on the positive side of the meteoric water line and tend to form trends orthogonal to the line [Boles et al., 2011 ] . Although our database is biased with fluids from the NIFZ, the formation fluids associated with mantle-enriched helium are similar to deep basin formation fluids where there is less mantle enrichment (e.g. Sawtelle field). The LA basin fluids are similar to the deep fluids in the San Joaquin basin but are less evolved from diagenetic reactions due to lower temperature [Fisher and Boles, 1990; Boles et al., 2011] .
Evidence for Mantle CO 2
CO 2 is thought to be the carrier gas for mantle helium into the crust based on relatively constant CO 2 / 3 He values of about 2x10 9 to 10 10 as measured from areas with mantle dominated fluids [Marty and Jambon, 1987; Marty and Zimmermann, 1999] . Fluids from continental crust that are corrected for non-mantle CO 2 sources and that have a high 3 He content, also have CO 2 / 3 He values of about 10 10 [Crossey et al., 2014] .
The CO 2 content of the well head gases for which we could obtain analyses vary from 0.2 to 9.5 mole % (Table 2 ). These gases are largely methane generated during the maturation of the kerogen in the basin. Formation water, which is largely marine water altered by interaction with the rock, is also produced from most wells. The CO 2 content of casing gas in some wells varies over time and thus the values we report here should be interpreted with caution (see Table 2 ).
Thus, the CO 2 concentrations determined from our sample splits are more comparable to the He values than CO 2 concentrations from company gas reports. Table  2 for listing of the data.
MORB CO 2 is reported as having a  13 C PDB = -6.5+/-2.5 per mil [Sano and Marty, 1995] , which is considerably more positive than thermogenic or bacterial CO 2 of  13 C PDB < -25
to -30 [Hunt, 1996] , but more negative than CO 2 from methanogenic processes [Carothers and Kharaka, 1980] . The  13 C PDB of carbonate cements in Tertiary sandstones and fault cements of California, which can range from +10 to -40, reflect this wide range of CO 2 sources [see Boles, 1998; Boles et al., 2004] . As shown below, the  13 C of CO 2 in the gases of this study indicates a mixture of CO 2 sources. [Lupton, 1983] , mantle  13 C = 6.5 +/-2.5‰ [Sano and Marty, 1995] . Data are listed in Table 2 . Figure 5 shows that the Rc/Ra values are inversely correlated with the  13 C of the CO 2.
We interpret this relation as due to mixing between at least two CO 2 sources. At high Rc/Ra values, the CO 2 could be in part mantle derived as the  13 C values are close to mantle values of  13 C=-6.5+/-2.5‰. These samples also have the lowest CO 2 content and occur in the deepest reservoirs (Table 1 would be the oxygen bearing functional groups associated with these acids [Franks et al., 2001] .
In summary the  13 C values of the CO 2 indicates mantle CO 2 in the deep LA basin, which is mixed with methanogenic CO 2 in the shallower reservoirs. In the following section, we assume vertical flow and calculate the helium flux along this conduit, and quantify the effect of fluid flow on the thermal structure of the fault zone. We also compute an effective permeability for the NIFZ, based on the helium data signal and estimated fluid pressure gradients for the crust.
HELIUM TRANSPORT MODEL

Theory
We wish to mathematically model the concentrations of the helium isotopes 
where t is time, z is distance, C f is the concentration of the helium isotope species ( 3 He or 4 He) in the fluid at a given time and position, C s is the concentration of the isotopes in the reactive solid phase, v is the average linear fluid velocity [Freeze and Cherry, 1979] , M is the mass ratio of solid/fluid, R is the solid phase dissolution rate, and P is the rate of production or generation.
It's common practice to combine (1a) and (1b) by assuming P 3 / P 4 ~ (C s3 /C s4 ) and define a new [2012], and Kulongoski et al. [2013] , but again without any published derivation. Appendix A provides more details on our derivation and a comparison of the equations.
Fluid Flow Rate Calculation
It follows from equation (2) that the predicted fluid velocity v is inversely proportional to the helium concentration in the source fluid (mantle) and the isotopic disequilibrium, for a given fault geometry and reactive flux of radiogenic helium from the crust. We use (2) to estimate the fault-zone fluid velocity, based on the helium measurements and estimated physical parameters.
For example, from Well Dominguez #2 (Table 1) 
Our estimate for fault porosity ~ 3% represents a representative value, vertically averaged over the entire depth of the fault zone. Rice [1992] 
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For the petroleum reservoir sites with the highest values of (R/Ra) f > 2, the flow rate trend suggests that the Darcy velocity q ~ 0.2 to 2.2 cm/yr for the LA basin faults. This is twice as fast as the flow rate q ~ 0.1 to 1.0 cm/yr range estimated by Kennedy et al. [1997] for the San Andreas fault zone (SAFZ) near Parkfield, California (about 400 km northwest of Long Beach), but slower than the flow rate q ~15 cm/yr recently estimated by Kulongoski et al. [2013] for the Big Bend section of the SAFZ in the Cuyama Valley area (about 250 km northwest of Long Beach), all based on helium isotope data. Figure  6A shows the effect of fault porosity over a range from 0.3% to 30%. Figure 6B shows 
Figure 6. Fluid flow rate (cm/yr) versus air-corrected helium 3 He/ 4 He ratio, as predicted by a one-dimensional isotopic transport model and well field observations from the LA Basin.
Thermal Effects of Flow
Given an upper estimate of flow rate q ~ 2 cm/yr, we compute a dimensionless "thermal Péclet Number" for the fault-zone flow system, Pe, which expresses the ratio of convective heat transport by the fluid flow to bulk conductive heat transfer in the crustal rock [Betcher, 1977; van der Kamp, 1984; van der Kamp and Bachu, 1989; Person and Garven, 1992] . For any crustal profile where Pe > 2, convective heat flow exceeds conduction, and as a result, anomalous geothermal gradients develop and hot springs would appear in areas of groundwater/fluid discharge [Anderson, 2005] . Using the approach and notation of van der Kamp [1984] , the ratio of convective to conductive heat flow in a basin with 3-D dimensions length L, width W, and mean height/depth H, can be simply represented as:
where  f fluid density, c vf specfic heat capacity of the fluid (at constant volume), ′ volumetric fluid flow rate per unit width,  e bulk effective thermal conductivity, and D e bulk thermal diffusion coefficient. We assign the representative fluid and rock parameters [Ge, 1998; Anderson, 2005 ] (5) simply yields Pe ~ ′ /45. For our system, the total volumetric flow rate per unit width of the basin can be expressed as:
The new parameter = fault zone width. It follows from (5) and (6) Because the disturbance of any conductive subsurface temperature field is due to forced convection (advection) of heat by the fluid phase, the thermal Péclet Number provides a good measure of the degree of thermal disturbance by a fluid flow regime [van der Kamp and Bachu, 1989 ]. It's clear from this dimensional analysis that a vertical flow rate of 2 cm/yr would not perturb the conductive temperature field, but flow rates above 30 cm/yr or higher might. Heat flow measured using idle petroleum wells along the NIFZ indicates a remarkably uniform heat flux of 63 to 66 mW/m 2 [Price et al., 1999; Williams et al., 2001] , extending over 40 km from Seal Beach in the southeast to Inglewood in the northwest. Our low Péclet Number calculation confirms that the fluid flow rates in the fault zone, as estimated by the helium data, would be too low to perturb the nearly uniform conductive field in this section of the LA basin.
Fault Permeability Calculation
For a fractured medium, the fluid flow rate per unit area (specific discharge) q can be formally expressed by a one-dimensional form of Darcy's Law, written out in terms of fluid pressure P and elevation Z above a datum [Hubbert, 1940] :
where g is gravitational acceleration,  f dynamic viscosity of the fluid, and k the intrinsic permeability (fault zone permeability). This formulation of Darcy's Law assumes a liquid phase fluid of uniform composition. Pre-petroleum industry development of reservoirs in the LA basin indicate a slightly over-pressured sedimentary basin [Berry,1973; Glassley,2015] . Pore pressures in the lower crust below the basin are unknown, but given this tectonic system is transpressional, one would expect pressure gradients well above hydrostatic of (~0.45 psi/ft), but below geostatic (~1.20 psi/ft), based on the geomechanical reasoning of Rice [1992] and Neuzil [1995, 2003] , and the metamorphic geochemistry and thermal reasoning of Manning and Ingebritsen [1999] .
Therefore, as a first approximation we assume dP/dZ ~ -0. [2014] measured cm-scale lab permeabilities k ~ 10 -22 to 10 -18 m 2 on core samples (depth ~2.7 km) of clay-rich gouge from the San Andreas fault at Parkfield, CA. Rice [1992] , however, argued on theoretical grounds for a km-scale permeability k ~10 -18 m 2 ( 1 microdarcy) at the base of the seismogenic zone (depth~15-20 km), by taking into account the depth dependency of bulk rock compressibility on stress. Our helium-based estimate for the NIFZ permeability range, -16.7 < log k < -15.7 m 2 , is higher than the exponential depth-dependent range (-18.5 < log k < -16.6 m 2 ) cited by Manning and Ingebritsen [1999] , as constrained by thermal data for the Coast Ranges, California, for depths < 15 km. But more recently, Ingebritsen and Manning [2010] have proposed log k > -16 m 2 for high-permeability transients (t ~ 10 3 years), particularly for fault and shear zones in the brittle crust (depths < 10 km), and an upper limit (constant) log k ~ -16 m 2 for the ductile crust (depths > 15 km). Giger et al. [2007] used hot-press high P-T experiments to show that, within the recurrence time interval of large earthquakes, quartz-rich fault zones in the middle to lower crust can evolve from high-permeability conduits to lowpermeability seals. Under lower crustal temperatures of 600-800 o C, permeability typically exceeds ~ 10 -19 m
DISCUSSION
Mantle seepage into the NIFZ has important implications with respect to structural models for the deep LA basin. Specifically, recent models using kinematic balanced crosssections propose that the NIFZ is cut off and offset from the deeper crust by a deep (8-10 km)
sub-horizontal thrust ramp that is part of a central basin décollement [see Figure 7 ; Davis et al., 1989; Shaw and Suppe, 1996] . However, our geochemical data indicate that the NIFZ is the only major fault in the basin that is connected to the very deep crust. If the structural interpretation of Shaw and Suppe [1996] is correct, the blind thrust, presumably a shortening feature, is a pathway for at least four km of lateral transport of helium. Alternatively, the model may be incorrect and the NIFZ may extend directly to the mantle unaffected by the proposed underlying faults. [Schmandt and Clayton, 2013] . The model projects a 65° north-dipping surface to the offset, which would project about 30 km south of the NIFZ (Figure 7 ). The offset of the Moho at this locality may connect to thrusting along the Palos Verdes fault (see Figure 2) and if so, then the mantle communication between the Moho and the surface is weaker here than along the NIFZ, based on the strength of the R/Ra ratio in the two areas (Figure 2 ). Another study, based on gravity and seismic data, concludes the NIFZ is the southwest boundary between a thick section of ultramafic lower crust on the north and a thin section of oceanic crust to the south [see Figure 8 33 of Romanyuk et al., 2007] . The abrupt lateral change in lithospheric material in the deep crust adjacent to the NIFZ is consistent with a deep-seated conduit to the Moho along the NIFZ and the preservation of a paleo-subduction boundary.
Figure 7. Geologic cross section of the Los Angeles basin, from the southwest to northeast. This profile intersects the NIFZ at Long Beach (see section line on Figure 2). The cross section is shown without vertical exaggeration. Deep basin features include: the offset Moho (A), the basaltic-ultramafic under plating adjacent to the NIFZ (B), seismogenic zone along the NIFZ (C), the proposed décollement underlying the LA basin, including the offset of the NIFZ along the décollement (D), the northern basin Whittier fault (E), and the blueschist basement southwest of the NIFZ (F). See text for references and discussion of basin features. The helium isotopic data indicate that the NIFZ is a permeable connection to the mantle for this part of the crust.
CONCLUSIONS
Leakage of mantle helium into the lower crust without associated elevated heat may be explained by ~ 0.2 to 2.0 cm/yr fluid flux rates, sufficiently high enough to transport 3 He from the mantle, but at rates too slow to disturb conductive heat transfer. Transport of 3 He without dilution by 4 He from the crust requires relatively rapid movement of mantle gas along preferred pathways without long residence time. This also implies local transport of heat. Our calculations suggest flux rates of up to about 2 cm/year, which would be insufficient to perturb the ambient conductive heat flow, due to the low thermal Peclet Number. Our geochemical modeling of helium transport also suggests a time-averaged fault permeability k ~ 5.6 × 10 -17 m 2 (60 microdarcys) for the NIFZ, which compares well with estimates for deep crustal fluid flow from other geophysical data sets.
Sampling for mantle helium anomalies generally focuses on areas with thermal anomalies [Oxburgh et al., 1986; Hilton et al., 2002; Kennedy and van Soest, 2007; Umeda et al., 2007] .
The flux of mantle helium into the continental crust needs to be re-evaluated by more extensive gas sampling in faulted areas with normal geothermal gradients. In addition, the importance of understanding local geology is demonstrated by the effects of elevated U-Th concentration on observed R/Ra values.
Our findings suggest that the NIFZ is a likely fluid conduit through the seismogenic zone and lower crust to the upper mantle. Although we cannot be certain that the NIFZ is not connected to other mantle-connected faults at depth, we believe the NIFZ itself, based on the evidence discussed above, including strength and consistency of the signal and geologic setting, is the likely primary pathway of mantle fluids in the area. This suggests the fault continues to be a fundamental boundary in the LA basin. 
APPENDIX A Derivation of the Helium Flow Rate Equation
Based on the theory and notation of Johnson and DePaolo [1994, 1997] , the mass concentration ratio of an isotope pair (e.g. zones Pe >> 1, and advection greatly dominates over processes of diffusion [Phillips, 1991] .
The full derivation of equation ( where we have set ̅ = ̅ , the average "crustal" ratio, and assume this is nearly constant.
To solve for the unknown dependent variable R f , Johnson and DePaolo [1994] integrate (A-2) over the isotope ratio range on the boundaries for 1-D transport, It's clear from this equation that the predicted fluid velocity v is inversely proportional to the helium concentration in the source fluid (mantle) and the isotopic disequilibrium, for a given fault geometry and reactive flux of radiogenic helium from the crust. Based on the notation in Johnson and DePaolo [1994] and Kennedy et al. [1997] , the total helium production term Jtot The Darcy velocity q , also known as the specific discharge (volumetric flow rate per unit area of porous medium) is defined by Forchheimer's formula [Bear, 1972] This is the simplified equation format first presented by Kennedy et al. [1997] . We decided to use equation (A-9) for our calculations of flow rates, because application of the Kennedy equation (A-13) generated computational errors of up to 50% for the NIFZ physiochemical parameters.
